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Abstract

The effect of delta tabs on mixing and the
phenomenon of axis switching in free air jets
from various asymmetric nozzles was studied ex-
perimentally. Flow visualization and Pitot probe
surveys were carried out with a set of small
nozzles (D = 1.47 cm) at a jet Mach number, M;
= 1.63. Hot wire measurements for streamwise
vorticity were carried out with larger nozzles (D
= 6.35 cm) at M; = 0.31. Jet mixing with the
asymmetric nozzles, as indicated by the mass
fluxes downstream, was found to be higher than
that produced by a circular nozzle. The circular
nozzle with four delta tabs, however, produced
fluxes much higher than that produced by the
asymmetric nozzles themselves or by most of the
tab configurations tried with them. Even higher
fluxes could be obtained with only a few cases,
e.g., with a 3:1 rectangular nozzle with two large
delta tabs placed on the narrow edges. In this
case the jet *fanned out’ at a large angle after
going through one axis switch. The axis switch-
ing could be either stopped or augmented with
suitable choice of the tab configurations. Two
mechanisms are identified governing the pheno-
menon. One, as described in Ref. 12 and referred
to here as the wg-induced dynamics, is due to
differential induced velocities of different seg-
ments of a rolled up azimuthal vortical structure.

The other is the @, -induced dynamics due to the
induced velocities of streamwise vortex pairs in
the flow. While the former dynamics are respon-
sible for rapid axis switching in periodically
forced jets, the effect of the tabs is governed
mainly by the latter. It is inferred that both
dynamics are active in a natural asymmetric jet
issuing from a nozzle having an upstream con-
traction. The tendency for axis switching caused
by the wg-induced dynamics is resisted by the w,-
induced dynamics, leading to a delayed or no
switchover in that case. In jets from orifices and
in screeching jets, the wg-induced dynamics
dominate causing a faster switchover.

1. Introduction

In an effort to increase mixing in free
jets, a *passive control’ method, utilizing vortex
generators in the form of ’tabs’, has been under
investigation for the past several years."* A not-
able earlier study on the topic is that of Bradbury
and Khadem.” Tabs are protrusions projecting
into the flow at the jet nozzle exit. That tabs
eliminate screech noise from supersonic jets has
been known for a long time,® and there have
been further recent studies on the effect of tabs
on jet noise.>!® However, the emphasis of the
continuing investigation at NASA Lewis Reseach
Center with regards to the topic has been on



mixing enhancement and on obtaining a clearer
understanding of the underlying mechanisms.

A parametric study of the tab geometry,
to optimize the effect for a given area blockage,
yielded the ’delta tab’ configuration which is to
be explained in the following. Earlier results
obtained with delta tabs on supersonic and sub-
sonic axisymmetric jets have been summarized in
Ref. 6. These results clearly demonstrate an
enormous distortion of the jet cross section pro-
duced by the delta tabs. Some combinations of
tabs significantly increase the mixing and entrain-
ment, much more than that achieved by any other
method tried previously, such as acoustic ex-
citation. Also discussed in Ref. 6 is the genera-
tion mechanism of streamwise vorticity in the
flow. Two sources are identified: one is due to
an upstream pressure hill produced by the tab,
and the other is due to vortex filaments shed
from the sides of the tab and reoriented down-
stream by the mean shear of the mixing layer.
While the second source is somewhat similar to
the mechanism producing the well known trailing
vortices in the flow over a delta wing, it is
shown that the first source is the dominant one in
the present flow.

Presently the investigation has been
expanded to study the effect of delta tabs on jets
from asymmetric nozzles. Jets from such nozzles,
for example, a 3:1 elliptic one, have been ob-
served before to mix more efficiently compared
to the axisymmetric case.!!'* There have been a
number of prior studies on jets from rectangular
nozzles,'>?° some of which also indicated more
efficient mixing compared to the circular case.
" However, based on the available data a clear and
direct comparison of the mixing characteristics of
jets from the various nozzles has been difficult.
Part of the difficulty lies in the fact that mixing
or spreading of a jet can be defined in a number

of ways, and different studies have used different
parameters for that purpose. Many of the para-
meters, such as streamwise variation of the jet
half-velocity-width or the centerline velocity,
would only provide a partial description, and
could even be misleading, in the case of the
asymmetric nozzles. Perhaps, a fool-proof des-
cription of the overall mixing would be given by
the mass flux variation with streamwise distance.
But obtaining such data is difficult, prone to
errors, and time consuming, which is why only
a few previous researchers carried out such
measurements. Another serious problem in the
direct comparison of jet mixing for nozzles of
different geometries stems from differences in the
operating conditions in the previous studies,
especially in Mach number. It is well known that
mixing layer spreading reduces with increasing -
compressiblity at higher Mach number. There-
fore, a comparison of mixing with different
nozzles should be appropriate only when done at
exactly the same Mach number and preferably
with other operating conditions, such as Reynolds
number and initial boundary layer state, kept the
same as well. :

Thus, it was felt that a systematic ex-
perimental study was called for first to compare
the mixing characteristics in jets from nozzles of
different geometries without tabs. This has been
one of the objectives of the present investigation.
The effect of delta tabs on the jets from these
nozzles has also been explored. During these ex-
plorations it has been found that delta tabs not
only affect the mixing but also the phenomenon
of axis switching. Axis switching or switchover
is common in asymmetric jets. It is a pheno-
menon in which the jet cross section contracts in
the direction of the major axis and expands along
the minor axis, so that after a certain downstream
distance the two axes have interchanged. Refer-



ence 16 provides data on axis switch location as
a function of nozzle aspect ratio. Reference 12
addresses a possible mechanism of the pheno-
menon which will be discussed further in the
text. An investigation of axis switching and jet
mixing, as affected by the delta tabs, has been
the second objective of the present study. The
results are discussed in the following.

2. Experimental Facility and Method

The experiments were carried out in two
different jet facilities. Most of the supersonic jet
experiments were done in a smaller facility which
has been described in detail before.”® Com-
pressed air supplied through one end of a 11 cm
diameter plenum chamber exited through a 3.81
cm diameter ’nipple’ on the opposite end. Noz-
zles of different exit geometry could be attached
to the nipple. The larger facility, with a 76 cm
diameter plenum chamber, has also been des-
cribed previously.??? Detailed time averaged
properties and streamwise vorticity were
measured in this facility at low subsonic con-
ditions. Limited Pitot probe surveys were also
-conducted at supersonic conditions in this facility.

All asymmetric nozzles used in the ex-
periment were machined from solid cylindrical
blocks of aluminum by electrical discharge
machining (EDM). The interior along the major
and the minor axes in each case was contoured
according to fourth order polynomial fits. The
rest of the interior was faired smoothly without
following specific equations. In all cases the flow
always converged, and entered and exited ap-
proximately axially. The general interior shape of
each nozzle is shown schematically in Fig. 1(a);
all had ’end walls’ to facilitate easy installation of
the tabs at desired locations.

A triangular tab fitted to a circular nozzle
is shown schematically in Fig. 1(b). The specific
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Fig. 1 Schematics of: (a) nozzle interior shape, (b) delta
tab fitted to axisymmetric nozzle, and (c) exit geo-
metries of the asymmetric nozzles.

configuration with orientation ¢ ~ 135° is ref-
erred to as the ’delta tab’. The apex angle is
about 90°, and unless otherwise stated the base
width, w/D = 0.28. Even though this width is
large, the dimensions translate to an area block-
age of about 1.7 percent of the nozzle exit area.
The delta tabs were hand sheared and bent and
thus the angles and dimensions quoted are ap-
proximate.

Besides a circular one, four asymmetric
nozzles were used in the smaller facility. These
were: a 3:1 elliptic, and a 3:1, a 4:1 and a 8:1
rectangular, all having D = 1.47 cm. For the



asymmetric nozzles the notation D represents the
equivalent diameter based on the exit area. The
four asymmetric shapes are sketched in Fig. 1(c).
It should be mentioned here that the circular
nozzle, fabricated earlier,? had a smaller diameter
(D = 1.27 cm). Thus, for a given Mach number,
the Reynolds number was somewhat smaller in
the axisymmetric case. This difference was
deemed insignificant in the comparison of the
normalized mass fluxes. In the larger facility, a
circular and a 3:1 rectangular nozzle were used;
both had D = 6.35 cm.

For the supersonic jets, the notation M; is
‘used to denote the ’fully expanded Mach num-
ber’, i.e., the Mach number had the jet expanded
to ambient pressure for a given plenum chamber
pressure. Standard total pressure measurements,
with a 0.76 mm (o0.d.) Pitot tube, were made to
obtain variations of the stagnation pressure (P);
note that in the supersonic regions of the flow,
this pressure represents the stagnation pressure
downstream of the bow shock produced by the
probe itself.

Flow visualization pictures for the
supersonic jets were obtained by laser sheet
illumination. This was performed without any
artificial seeding of the flow. The cold supersonic
jet core caused natural moisture condensation in
the mixing layer from the entrained ambient air.
The condensed moisture particles, and therefore
the mixing layer regions, were illuminated by the
laser sheet. The exposure time (T) for each
picture was long (TU/D > 270) so that these
represent averages rather than instantaneous flow
fields.

Conventional hot-wire measurements were
carried out to obtain the distributions of time
averaged vorticity and turbulence statistics on a
cross sectional plane of the jet. The measure-
ments could be carried out only for the subsonic

flow, and a nominal M; = 0.3 was chosen. Two
X-wire probes, one in the u-v and the other in
the u-w configuration, were traversed succes-
sively over the same measurement grid locations.
The distributions of the u, v and w components
of velocity and the turbulence characteristics were
obtained. The gradients of v and w provided the
streamwise vorticity. These measurements were
done in the larger jet so that the spatial resolution
provided by the X-probes (TSI 1241) was reason-
ably good. Nevertheless, estimates based on
mixing layer thickness and sensor separation in
the X-probe (=1 mm) showed that corrections
were needed for the v- and w-components of
velocity especially at the upstream locations. The
data were corrected following a scheme similar to
that used in Ref. 23.

3. Results

3.1 Comparative data on mixing with different
nozzles: The Mach number distributions over the
jet cross sectional plane, measured at x/D = 14
for different nozzles, are shown in Fig. 2. These
data were taken far enough downstream so that
the flow was subsonic everywhere and the static
pressure had relaxed to ambient pressure. Hence
the Mach number could be calculated reliably
from only the Pitot probe measurement. Also
shown in Fig. 2 is the corresponding distribution
for the circular jet with four delta tabs. Four
delta tabs (among one, two, four and six delta tab
cases) had been shown to produce the optimum
increase in the mass flux for a circular nozzle.®
The large effect of the tabs on the jet spread can
be readily appreciated from Fig. 2.

In each of the plots of Fig. 2, the mass
flux obtained by integrating the data, normalized
by the exit mass flux, has been indicated by the
number in parentheses. The maximum Mach
number measured at each station is also indi
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Fig. 2 Mach number contours for indicated nozzles; x/D
= 14, M; = 1.63. Contour levels start at 0.04 and the
interval is 0.04; numbers in parentheses represent nor-
malized mass fluxes.

cated. An inspection of these numbers should
indicate that the fluxes for all the asymmetric jets
are larger than that for the axisymmetric case.
However, none of them exceeds the case with the
four delta tabs. Also, as expected, the maximum
Mach number is generally less when the flux is
high and vice versa. For all four asymmetric
cases in Fig. 2, it is also observed that the jet
major axis which started aligned vertically has
switched and become horizontal by x/D = 14.
The mass flux variations, obtained from
sets of data as in Fig. 2, are shown in Fig. 3. In
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Fig. 3 Streamwise variation of normalized mass flux for
indicated cases; M; = 1.63. Other data points at x/D =
14 are for: a, 3:1 rectangular, ¢, 4:1 rectangular v,
8:1 rectangular nozzles, and «, 3:1 rectangular nozzle
with two large delta tabs. Open data points at x/D = 10
are for: Q, 3:1 elliptic jet at M; = 0.06 (Ref. 11); o,
unexcited and O, acoustically excited circular jet at M,
~ 0.1 (Ref. 24).

the Pitot tube measurements, there are some
errors due to flow angularity and turbulence
especially at the edges of the jet. Since the
integrated flux values are sensitive to small errors
on the edges, the flux data should be considered
as nominal. However, the relative trends in the
data should be valid. Also, sufficient averaging
time was allowed and care was taken so that the
repeatability of the data was good. A few data
points were double checked to repeat practically
within the data symbol heights in Fig. 3.

The data of Figs. 2 and 3 were obtained
with the small nozzles. When setting up the
experiment in the large jet facility it was intended
that some of these data be repeated with the large



nozzles. However, although the larger facility
could deliver much higher flow rates at higher
pressures, the experiments could not be run at M;
= 1.63 because of unacceptably high noise levels
in the work environment. The noise levels were,
however, within acceptable range when four delta
tabs were used with the circular nozzle. For that
case, in spite of appreciable recirculation velo-
cities (about 4 kg/sec in a 6mx6mx12m test cell),
the Pitot probe surveys were done at x/D = 14.
A very similar M-distribution as the correspon-
ding data in Fig. 2, with a somewhat smaller
normalized mass flux of 4.8, was obtained. The
difference in the flux data, however, was small.
Thus, the four delta tab case data is deemed in-
dependent of nozzle size and Reynolds number.
However, it is emphasized that the data of Fig. 3
apply to underexpanded flows from convergent
nozzles at M; = 1.63; the amplitudes are likely
to change for other states of the flow and es-
pecially for other values of M;.

It should also be mentioned here that
while calculating the exit mass flux for the tab
cases, the area blockage due to the tabs has been
taken into account.® If this were not done, the
data points for the four delta tab case would be
about six percent less everywhere; nevertheless,
the conclusions regarding the relative increase in
mixing by the tabs would remain unchanged.

The elliptic jet case in Fig. 3 exhibit
fluxes in between the baseline axisymmetric and
the four delta tab cases. The spreading rate is
faster upstream but slower farther downstream.
Clearly, the elliptic jet flow field is still evolving
within the measurement range. In other words,
the flow field represents, in the terminology of
Ref. 15, the ’characteristic decay region’ and has
not reached the ’axisymmetric decay region’.
Data for the rectangular jets were obtained only
for x/D = 14. Unfortunately, these data sets

covering the entire x-range could not be com-
pleted in time to be included in Fig. 3. It is
likely that the rectangular jets would also exhibit
evolving flow fields as with the elliptic jet. It is
also probable that, at the farthest x-stations, some
of these cases could exhibit fluxes larger than that
for the four delta tab case. However, at least in
the upstream regions, as with the elliptic jet, the
fluxes for the rectangular jets are higher than that
for the circular jet case but none exceeds that for
the four delta tab case.

The three open data points on the left
margin of Fig. 3 are for subsonic jets taken from
the references indicated in the figure caption.
These include a data point extrapolated from the
results for a 3:1 elliptic jet,!! and data for unex-
cited and acoustically excited circular jets.>* An
inspection reveals that the flux for a subsonic jet
is higher than that for the corresponding super-
sonic counterpart; this is expected because mixing
layer spreading reduces with increased compres-
sibility. It is also clear that the elliptic jet flux
even for the subsonic case does not exceed that of
the 4 delta tab case. Comparison of the data from
Ref. 23 also show that the increase in the flux
due to the *preferred mode’ acoustic excitation is
far less than that achieved by the delta tabs.
Thus, the increase in the axisymmetric jet mixing
caused by the delta tabs should be considered as
quite significant.

Various tab configurations were tried with
the asymmetric jets. As the number of combi-
nations are numerous, the effort should be con-
sidered as limited. The mixing characteristics for
some of the tab cases with the asymmetric jets
will be discussed in the following. It should
suffice to state here that most of these cases
resulted in fluxes lower than that achieved by
four delta tabs with the circular jet. For example,
two delta tabs placed on the narrow ends of the



Fig. 4(a,b)

3:1 elliptic jet produced a normalized flux of
4.53 at x/D = 14, corresponding data with two
delta tabs placed on the longer edges was 3.1,
while the no tab case flux was 3.79. Note that
the latter tab case actually decreased the flux.
Only a few configurations so far yielded fluxes
significantly higher than that for the circular jet
with four delta tabs. One such case is the 3:1
rectangular jet with two large delta tabs placed on
the narrow edges of the nozzle. The correspon-
ding data at x/D = 14 is shown by the triangular
data point with a tick mark (Fig. 3). The tab
dimension and the flow field for this case is
discussed further in §3.3.

3.2 Axis switching and its mechanism: As stated
before, both mixing and the phenomenon of axis
switching for the asymmetric jets were found to
be sensitive to the number and placement of the

© | @

Fig. 4 Laser sheet illuminated cross section of 8:1 rec-
tangular jet (D = 1.47 cm) at M; = 1.63; (a) no tab, (b)
six delta tabs, (c) four delta tabs, and (d) four trian-
gular tabs with ¢ = 45° (Fig. 1).

delta tabs. These effects were pursued in some
detail with the 8:1 rectangular jet at M; = 1.63.
Fig. 4 shows laser sheet illuminated cross sec-
tions of the jet, at x/D = 1 and 2, for three tab
configurations compared to the no tab case. The
tab configurations are shown by the insets and
explained in the figure caption. The bright areas
in the pictures represent the mixing layer region.’
The enormous distortions of the mixing layer
produced by the delta tabs should be quite ob-
vious. Even though the fluxes farther downstream
are not increased significantly, as will be shown
with the next figure, the large spreading

caused by the tabs immediately downstream of
the nozzle could be attractive in some applica-
tions. One also notes that suitably placed delta
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tabs within a simple primary nozzle can produce
effects similar to that achieved by more complex
nozzles, such as a lobed mixer nozzle.

The evolution of the flow fields for the
tab cases of Fig. 4 is shown in Fig. 5. For each
case data are presented for three streamwise
locations. At the upstream locations where the

~ flow is supersonic contours of total pressure are
shown. At the downstream location (x/D = 14)
the Mach number distributions as in Fig. 2 are
shown. Even though there are some errors due to
probe interference, the P, data confirm the
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Fig. 5 Contours of total pressure (P) and Mach number
(M) at indicated x/D; sets of data in columns (a)-(d)
represent corresponding tab cases of Fig. 4.

dramatic deformations of the jet cross section
seen in Fig. 4. By 14D in case (b), however, the
jet has regained its original shape with only about
9 percent increase in the mass flux compared to
the no-tab case. Axis switching has also taken
place as in the no-tab case. In case (c), the jet

cross section has become round, whereas in case
(d) the major axis has remained approximately
vertical. The numbers in parentheses should aiso
reveal that the tab configurations of (¢) and (d)
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have reduced the mass flux at x/D = 14 from
what it was for the no tab case. As stated before
a similar effect was also observed with the ellip-
tic jet.

It has been shown before that each delta
tab produces a pair of streamwise vortices.®?!
The interaction of those vortices with the azi-
muthal vorticity in the mixing layer, and with the
naturally occurring streamwise vortices in these
flows,?° is believed to be at the heart of the
observed effects. This was explored further by
hot wire measurements in the large jet facility.

First, a comparison of Mach number
contours, obtained with the Pitot probe in the
large jet, is shown in Fig. 6 for M; = 0.31 and
1.21. It is an example showing that the effect of
the delta tabs on the axis switching phenomenon,
for most of the cases studied, is essentially the
same in both supersonic and subsonic flow
regimes. In both cases of Fig. 6 there has been
an axis switch. The major axis is somewhat off
from the vertical, which is also quite similar in
the two cases. Thus, the effect on axis switching
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- Fig. 6 M-contours for the 3:1 rectangular jet (D = 6.35

cm) with two delta tabs for indicated

M; x/D = 14.

Contour intervals are 0.04 and 0.01 for M; = 1.21 and
0.31 cases, respectively.

studied in incompressible flows and reported in
the following is thought to be also representative
of high Mach number flows. However, without
the tabs some differences were observed between
supersonic and subsonic conditions; this is dis-
cussed shortly.

The flow field for the 3:1 rectangular jet
was explored in detail for two tab configurations
and compared to the no tab case. Fig. 7 shows
the streamwise variations of the jet half-velocity-
width measured in the major and the minor axis
planes of the nozzle; B represents the distance
between the points where the velocity is half of
the local centerline velocity. One finds that
within the x-range covered, the jet without any
tabs has not gone through an axis switch. How-
ever, two delta tabs placed on the narrow edges
of the nozzle have caused a rapid switchover by
x/D = 2.5. In comparison, two delta tabs placed
on the long edges have caused the jet to continue
to diverge on the major axis plane within the
measurement range.

Comparison of Fig. 7 with Fig. 2 shows
that the 3:1 rectangular jet without any tabs
behaves differently at M; = 0.31 than it does at
M; = 1.63. While there has been an axis switch
by x/D = 14 in the supersonic case (Fig. 2), it
has not taken place at the subsonic condition
(Fig. 7). It is probable that the reason for this
difference is the screech occurring at the super-
sonic condition. (All the no tab case flows in
Fig. 2 had screech; the screech frequency was
8.9, 6.3, 6.3, 6.55 and 8.35 kHz for the cir-
cular, the 3:1 elliptic, and the 3:1, 4:1 and 8:1
rectangular nozzles, respectively; note the smaller
diameter of the circular nozzle.)

An asymmetric jet with screech is a
periodically forced flow in which the axis
switching may occur by a mechanism described
in Ref. 12. Forcing results in an orderly roll up
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Fig. 7 Half-velocity-widths of the 3:1 rectangular jet (D
= 6.35 am) at M, = 0.31 for indicated delta tab con-
figurations;Q , minor plane, ©, major plane.

of the azimuthal vorticity. Different segments of
an asymmetric rolled up vortex structure have
different induced velocities attributable to dif-
ferences in curvature. The segments on the ends
of the major axis, having higher curvature, move
forward at a faster speed relative to the segments
on the ends of the minor axis. The rolled up

vortex structure thus contorts as it propagates
downstream; the segments on the narrow ends are
brought closer together while the segments on the
sides are pushed apart. This dynamic process
reflects on the time average flow field and causes
the switching of the axes. The process, thus, is
based on the motion of the rolled up azimuthal
vorticity, and for brevity, this is referred to as
the wg-induced dynamics. Such a dynamics
should be active in the screeching jet, most
probably explaining the fast switchover of the
axes observed in Fig. 2.

The wg-induced dynamics are also appli-
cable to unforced asymmetric jets as there is a
natural roll up of the azimuthal vorticity. How-
ever, in the unforced case there is randomness,
which in a sense dilutes the effect, causing a
delayed axis switching. That a forced case goes
through faster axis switching compared to the
corresponding unforced case has been demon-
strated in Ref. 12 by the use of acoustic excita-
tion of an elliptic jet. However, the wg-induced
dynamics do not explain the effects of the delta
tabs on the axis switching. The observed effect of
the tabs is believed to be due to an entirely
different process involving the interaction of the
streamwise vortices.

Data showing the evolution of the flow
field corresponding to the three cases of Fig. 7
are presented in Fig. 8. Contours of longitudinal
velocity are shown on the left column and the
corresponding contours of streamwise vorticity
are shown side by side on the right column. Data
are shown for five streamwise locations of x/D =
1,2,4,8 and 16. In order to provide a clearer
picture of the distributions, only smoothed vor-
ticity data are presented. The smoothing reduced
the peak levels somewhat. However, represen-
tative peak values of w, as measured originally
are indicated in the figures. (While longitudinal



1
r u I T
T

x/D = 16
-8 -1. S OI. 1.15 ' 3‘ ’ —!.I S O'. ' I,S 3
z/D z/D
Fig. 8(a)

velocity and vorticity data are shown in Fig. 8,
corresponding data on the other components of
velocity, turbulence and Reynolds stresses were
also acquired simultaneously. These are not
shown for brevity.)

In Fig. 8(a), the velocity contours show
that the jet has attained approximately a round
shape by 16D. The corresponding vorticity data
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show the emergence of streamwise vortices from
each corner of the nozzle even in the no tab case.
Similar time averaged vorticity measurements for
a square nozzle were reported by Quinn.?® Quinn
observed a pair of counter-rotating streamwise
vortices originating from each comer of the
nozzle. With the present 3:1 rectangular nozzle
only one vortex from each corner is seen to



dominate by the distance of the first measurement
station. Two vortices originating from the corners
on a narrow edge of the nozzle are seen to form
a counter-rotating pair. The sense of rotation,
shown by the arrows (x/D = 1), is such that
there is an ejection of jet core fluid into the
ambient by each pair. The pair of vortices for-
ming on each side of the square nozzle in
Quinn’s experiment also had the same sense of
rotation. The vortices are seen to lose their
strength with increasing downstream distance,
and by 16D the amplitudes are below the
measurement noise level. v
The main source of streamwise vorticity
in the present flow is likely to be the lateral
pressure gradients skewing the boundary layer
inside the non-circular nozzle (Prandt!’s first kind
of secondary flow).? It is interesting to note here
that in an experiment with flow through a duct,
transitioning from circular to rectangular cross
section, Davis?®® also observed one dominant
streamwise vortex emerging from each corner. A
subsequent computational study corroborated well
with the experimental results.”’” However, the
sense of rotation of the vortices in this flow was
opposite to that observed in the present flow. The
cross sectional area of the transition duct studied
in Refs. 26 and 27 enlarged by 15% before
reducing back to the inlet value. Reference 28,
on the other hand, reported experimental results
from a very similar duct, except the cross sec-
tional area was held constant. The sign of the
streamwise vortices measured in the latter work
was the same as that found in the present study!
(The nozzle in the present study transitions from
13.3 cm diameter circular section to the 3.66cm
x 1lcm rectangular section in a length of 15.2
cm). Thus, it is apparent that the streamwise
vorticity distribution obtained at the nozzle exit is
extremely sensitive to the upstream geometry of
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Fig. 8 Contours of U/U; (left column) and », D/U; (right
column); 3:1 rectangular jet (D = 6.35 cm), M; = 0.31.
U/U; contour interval is 0.1 for x/D<4 and 0.05 for x/D-
>4. The ©,D/U; contour intervals are 0.08, 0.04, 0.02,
0.01 and 0.005 for x/D = 1, 2, 4, 8 and 16, respec-
tively. (a) no tab, (b) two delta tabs on ends, and (c)
two delta tabs on sides.

the nozzle. However, a difference in the initial
o, -distribution can enormously impact the subse-
quent evolution and axis switching of the free jet,
as elaborated in the following.



Consider the vortex pairs at the upstream
locations in Fig. 8(a). From elementary vortex
dynamics, it should be easy to see that the in-
duced velocities will cause each pair to move
away from the jet centerline.?? Each pair will
also eject jet core fluid in the same direction.
Thus, the action of the two pairs of streamwise
vortices would be to elongate the jet cross section
in the direction of the major axis. As with the
dynamics due to azimuthal vorticity,'? the effect
of the streamwise vortex pairs is referred to as
the o,-induced dynamics. The wg-induced
dynamics, also operative in the no tab case (Fig.
8a), would have a reverse influence tending to
contract the jet cross section in the direction of
the major axis. Thus, the jet cross section
remains elongated in the major axis plane until
the strength of the streamwise vortices diminishes
sufficiently through turbulent diffusion. A dom-
inant effect of w,-induced dynamics upstream and
a persistent reverse effect of the wg-induced
dynamics reconcile the trends for the no tab case.

The w,-induced dynamics should also
explain the axis switching in the case of Fig. 8(b)
and the no switching in the case of Fig. 8(c). For
the case with two delta tabs placed on the narrow
edges in Fig. 8(b), two pairs of streamwise
vortices are generated which, as expected,® have
an opposite sense of rotation compared to the
pairs seen in the no tab case. Here, each pair
ingests ambient fluid and forces that into the core
of the jet. Note also that the delta tabs over-
whelm the naturally occurring vortices, which if
present, are submerged below the lowest contour
level at x/D = 1. However, two additional pairs
of vortices are seen at x/D = 2 and 4. It is not
clear, but these could be remnants of the natural-
ly occurring vortices gathering strength because
of the contraction of the flow in the direction of
the major axis. Also, in some of these data,
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especially at x/D = 16, the negative vorticity
amplitudes are measured to be smaller than the
corresponding positive vorticity amplitudes. This
would imply a net circulation in the y-z plane.
However, the amplitudes at x/D = 16 are very
small, and it is not clear if the discrepancy is due
to measurement errors or indeed due to a small
swirl introduced by deviations in the geometries
of the delta tabs.

In any case, the induced velocities of the
vortex pairs in Fig. 8(b) would cause each pair to
move towards the jet centerline. Ambient fluid is
ingested by each pair and forced into the core.
The net effect is a contraction of the jet cross
section in the major axis plane with a resultant
elongation in the minor axis plane. This should
explain the rapid axis switchover in the case of
Fig. 8(b).

When two delta tabs are placed on the
long edges of the nozzle (Fig. 8c), two relatively
strong pairs of vortices are produced by the tabs
in addition to the naturally occurring vortices.
The sense of rotation of these vortices is indi-
cated by the arrows on the plot for x/D = 1.
Here, the proximity of the vortices having like
signs cause them to eventually amalgamate. The
amalgamation is complete by x/D = 8, where the
four pairs of streamwise vortices have yielded
two pairs. It should also be easy to see that the
induced velocities of the vortex pairs in this case
are similar to that in the natural case (Fig. 8a),
i.e., all four pairs move away from the jet
centerline in the direction of the major axis. The
jet cross section thus elongates in the major axis
plane. In fact, as the delta tabs in this case
augment the naturally occurring vortices, the pull
in the direction of the major axis is so much that
the jet cross section is essentially bifurcated.

The ,-induced dynamics should also
explain the 45° rotation of the jet cross section



observed a few diameters downstream from the
square nozzle in Ref. 20. The four pairs of
streamwise vortices would tend to pull away from
the axis of the jet causing such a deformation. A
similar 45° rotation was also observed for the
cross section of a periodically forced square jet in
the computational study of Ref. 19. It is not clear
but the wg-induced dynamics were likely to be

mainly responsible for the rotation in this case.

Reference 30 had reported an interesting
set of data on flow from small aspect ratio slot
nozzles. In one case, the nozzle was essentially
an orifice and the jet from it went through a
rapid axis switchover by x/D = 2. However,
when a conical contraction was added leading to

the nozzle exit, the resulting jet was diverging in

Fig. 9 Laser sheet illuminated cross section of 3:1 rec-
tangular jet (D = 1.47 cm) with delta tabs on ends; M,
= 1.63. Pairs of pictures from top are for tab width w

(Fig. 1) of 0.28D, 0.38D and 0.53D, respectively.
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the major axis plane within the measurement
range of x/D =10. Such a trend corroborates the
observation in Ref. 16 in which the axis switch
over location was observed to be, "...further
downstream for a jet exiting from a long channel
than for a jet exiting from an orifice". Reference
12 also confirmed the difference in the data trend
between orifice nozzles and nozzles with contrac-
tion, and provided an explanation based on the
wg-induced dynamics. In the orifice nozzles the
thin initial boundary layer produces vortical
structures with thin cores which would have
stronger azimuthal variation in the induced
velocity, and hence earlier switching of axes.
However, it is also probable that in the orifice
case, the flow does not produce appreciable
streamwise vortices. Thus, the wg-induced dyna-
mics dictate a faster axis switchover. In the long
channel or the contraction case, it is possible that
streamwise vortices from the corners, as in the
present case of Fig. 8(a), are produced. The w,-
induced dynamics, resisting the axis switch,
together with the wg-induced dynamics would
thus be responsible for the delayed axis switch or
no switch in those cases.

3.3 A case of large mixing increase: During the
investigation with the small 3:1 rectangular jet it
was observed that remarkably more jet spreading
could be achieved if larger size delta tabs were
placed on the narrow edges of the nozzle. This
was further explored. Flow visualization pictures
as in Fig. 4 are shown in Fig. 9. Two delta tabs
with varying widths (w) are used. The delta tab
width in the top pair of pictures is the same as
that used for the data shown in the preceding
(Figs. 6, 7 and 8). Here the ratio w/d = 0.53
(w/D = 0.28), where d is the minor dimension
of the nozzle. When tabs with larger width, w/d
= 0.71 (w/D = 0.38), are used the jet distortion



at x/D = 1 and 2 are only slightly more accen-
tuated. This is shown by the pair of pictures in

the middle of Fig. 9. However, when the width
w equals the minor dimension, w/d = 1 (w/D =
0.53), a remarkably more pronounced distortion
occurs as observed in the lower pair of pictures
of Fig. 9. :

The pictures for x/D = 1 also show that

_the curling of the shear layer for the two smaller
tab dimensions is commensurate with the vorticity
data, i.e., the curling has occurred in the direc-
tion of rotation of the streamwise vortices. In
other words, the shear layer has curled up as if to
indicate the presence of the pair of streamwise
vortices with the correct sense of rotation. With
w/d = 1, however, a curling of the shear layer
in opposite direction has occurred. It is as if the
delta tabs have produced pairs of streamwise
vortices having an opposite sense of rotation.
This was quite intriguing, conflicted with the
vorticity generation mechanism proposed in Ref.
6, and could only be clarified with the vorticity
measurements.

Hot wire data, as in Fig. 8., obtained
with the 3:1 rectangular nozzle and two delta tabs
having w/d = 1, are shown in Fig. 10. An
inspection of the velocity contours on the left
should confirm that the jet distortion here (M; =
0.31) is similar to that observed for M; = 1.63 in
Fig. 9 (note the different orientations of the
nozzles in the two figures). The w, data, shown
on the right of Fig. 10, demonstrate that stream-
wise vorticity with the expected sense of rotation
is indeed produced. However, the streamwise
vorticity is distributed over a large extent of the
mixing layer. The sheet of streamwise vorticity
only curls up on the ends to produce the anoma-
lous impression described in the foregoing. The
mechanism determining the direction of curling
up remains unclear. However, these observations,
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Fig. 10 Contours of U/U; and »,D/U;, as in Fig. 8, for
the 3:1 rectangular jet (D = 6.35 am) with two large
delta tabs (w/D = 0.53).

once again, underscore the pitfalls in drawing in-
ferences on vorticity dynamics from flow visua-
lization.

It is clear that the jet in Fig. 10 has gone
through an axis switchover by x/D = 2, and
elongated enormously in the minor axis plane.
This becomes clear by comparison with the data
of Fig. 8(b). Comparison of the w, data also
show that significantly more vorticity has been
produced by the larger delta tabs. Recall from the
discussion of Fig. 3 that with this tab configura-
tion there also occurs a large increase in the mass
fluxes downstream. The corresponding Mach
number contours at x/D = 14, measured with the



9. i 1 1 1L 1

3. - =
a

~ | _
-3, — L
] D (5.98) ]

—9- 1 ¥ T
-s. | -3 3. Q.

z/D

Fig. 11 Mach number contours, as in Fig. 2, for 3:1
rectangular jet (D = 1.47 an) with two large delta tabs
(w/D = 0.53); x/D = 14, M; = 1.63.

small nozzle at M; = 1.63, are shown in Fig. 11.
Comparison with Figs. 2 and 5 makes it clear
that the jet has elongated much more in the minor
axis plane, (note the difference in scales.) Atx =
14D the jet half width is about 14D representing
approximately a 50° flaring of the jet. The maxi-
mum Mach number at x = 14D is well below
that for any other cases in Fig. 2. The mass flux
is also quite large compared to the other cases,
which has been shown in Fig. 3.

4. Concluding remarks

The overall mixing characteristics of jets
from convergent nozzles of different exit shapes
have been compared at a jet Mach number of
1.63. Flows from a 3:1 elliptic, and 3:1, 4:1 and
8:1 rectangular nozzles are compared with that
from an axisymmetric nozzle. Mixing, as denoted
by the mass flux measured at certain downstream
locations, is found to be higher for all the asym-
metric nozzles compared to the axisymmetric
case. Four delta tabs with the axisymmetric
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nozzle increase the mixing significantly; the
fluxes in this case are higher than that produced
by any of the asymmetric nozzles. It is empha-
sized that the normalized mass flux data pre-
sented here pertain to underexpanded flows from
convergent nozzles at a specific jet Mach num-
ber. The flux amplitudes are expected to change
with different states of the flow and Mach num-
ber. It is possible, however, that the relative
trends for the different nozzles and tab configura-
tions would remain the same at the other flow
conditions. The latter comment is based on the
similarities observed in the data trends between
the subsonic and supersonic conditions examined
in this study. Also it should be noted that all the
jets without tabs had screech which may have
resulted in somewhat higher fluxes for those
cases, as screech is known to increase mixing.?

Use of the tabs with the asymmetric
nozzles generally resulted in only small increase
in the fluxes, some of the tab configurations even
decreased the fluxes. However, two large delta
tabs placed on the narrow edges of the 3:1
rectangular nozzle provided fluxes that were the
largest among all the cases tried so far. The jet in
this case *fanned out’ at a large angle after going
through one axis switch.

The axis switching phenomenon occurring
with the asymmetric nozzles could be affected by
the delta tabs. This was studied in detail with a
3:1 rectangular nozzle. The flow from this nozzle
without the tabs produced four dominant stream-
wise vortices originating from the four corners of
the nozzle. These formed two pairs of counter-
rotating vortices located on the ends of the major
axis. Each of the vortex pairs had a sense of
rotation so as to eject jet core fluid into the
ambient. These vortices faded away by x/D =
16; and the jet did not go through an axis switch
by that distance. Use of two delta tabs placed on



the narrow edges of the nozzle overwhelmed the
naturally occurring vortices and produced two
stronger pairs of vortices having an opposite
sense of rotation. The jet in this case went
through a rapid axis switch. Two delta tabs
placed on the long edges of the nozzle, on the
other hand, produced vortices which amalgam-
ated with the naturally occurring vortices. The jet
in this case continued to diverge on the major
axis plane within the measurement range.

The mechanism proposed in Ref. 12,
referred here as- wg-induced dynamics, explains
the rapid axis switching for periodically forced
asymmetric jets. The axis switching observed
with the screeching jets is also thought to be due
to this mechanism. However, the wg-induced
dynamics do not explain the observations made
for the tab cases. The induced motion of the
streamwise vortex pairs, referred to as the o,-
induced dynamics, is believed to hold the key for
the latter cases. The sense of rotation of the
vortex pairs determines if there would be an axis
switch or not. Specifically, two vortex pairs
located on the ends of the major axis and having
the sense of rotation so as to eject jet core fluid,
would resist axis switching. On the other hand,
two vortex pairs having an opposite sense of rota-
tion, as produced by the delta tabs placed on the
narrow edges of the nozzle, would augment the
axis switching process.

It should be recognized that since stream-
wise vortices occur naturally in asymmetric jets,
the w,-induced dynamics should be operative
even without the tabs. It is reasoned that a com-
bination of the wg-induced and w -induced dyna-
mics is responsible for the slow axis switching
observed with asymmetric nozzles having up-
stream contractions or long channels. The rapid
axis switch observed with asymmetric orifices, on
the other hand, is believed to be due to the
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dominance of the wg-induced dynamics and an
absence of the w,-induced dynamics. Also, refer-
ring back to the discussion of Refs. 26,27 and 28
in §3.2, it should be recognized that the stream-
wise vorticity distribution occurring at the exit of
a nozzle is quite sensitive to the upstream geo-
metry of the nozzle. It may be possible to obtain
vortex pairs with varying strength with a sense of
rotation the same as that observed here. It may
also be possible to obtain vortex pairs having an
opposite sense of rotation. In the latter case, the
w,-induced dynamics would reinforce the wg-
induced dynamics causing a much faster axis
switching.

Finally, the present results also showed
that the curling of the shear layer observed in
flow visualization might not necessarily indicate
the correct sense of rotation of the streamwise
vorticity embedded in the region.
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